Background: Multidisciplinary cleft care depends on follow-up at specified time points to monitor and address functional or aesthetic concerns that may arise during a child's development. However, loss to follow-up (LTFU) is common and can lead to missed opportunities for therapeutic and surgical intervention. This study explores clinical, demographic, and geographic determinants of LTFU in cleft care. Methods: Medical records were retrospectively evaluated for 558 pediatric patients of a single mid-volume cleft team. The primary outcome was LTFU. Spatial dependency was evaluated using variograms. The probability of LTFU was assessed using a generalized linear geostatistical model within a Bayesian framework. Risk maps were plotted to identify vulnerable communities within our state at higher risk of LTFU. Results: Younger age at last encounter was a strong predictor of LTFU (P < 0.0001), even when ignoring spatial dependency among observations. When accounting for spatial dependency, lower socioeconomic status [OR = 0.98; 95% CI = (0.97-0.99)] and cleft phenotype [OR = 0.55; 95% CI = (0.36, 0.81)] were significant predictors of LTFU. Distance from the cleft team and rural/urban designation were not statistically significant predictors. Cartographic representation of predicted probability of LTFU revealed vulnerable communities across our state, including in the immediate vicinity of our cleft center. Conclusions: Geostatistical methods are able to identify risk factors missed by traditional statistical analysis. Knowledge of vulnerable populations allow a cleft team to allocate more resources toward high-risk areas to rectify or prevent deficiencies in care.
INTRODUCTION
Cleft lip and/or palate is one of the most common birth defects and, due to its complexity, best cared for by a multidisciplinary team dedicated to cleft care. 1 Team care is largely protocol-based and includes a series of diagnostic and therapeutic interventions at prescribed time points that span longitudinally from birth to young adulthood (ie, a "care plan"). Many necessary operative interventions are coordinated so as to minimize the number of anesthetic events required (eg, myringotomy and tympanostomy tube placement at the time of cleft palatoplasty).
In a preliminary quality-improvement project, 2 we identified several factors associated with deviation from the ideal care plan: (1) transfer to the team at older age (eg, migration or adoption); (2) medical or surgical complication necessitating an alternative care pathway; (3) poor communication between team members, leading to uncoordinated services; (4) patient/parent noncompliance with instructions; and (5) missed/cancelled appointments resulting in loss to follow-up (LTFU). Additional stressors were postulated to predispose to these points of failure, including low socioeconomic status (SES), rural isolation, and distance from our cleft team. [3] [4] [5] Based on these preliminary findings, we designed the present study to explore the factors contributing to LTFU in cleft care. We hypothesized that poor SES would be the principal risk factor for LTFU. Given prior work examining geospatial dependency of health outcomes, we hypothesized that the relationship between LTFU in cleft care would be spatially dependent. 6 We also hypothesized that distance from our cleft team would be positively correlated with LTFU, that is, patients living further from our team were at greater risk of LTFU. To test these hypotheses, we used geostatistical methods to investigate the degree to which location and other geospatial characteristics are related to LTFU. This approach enabled a populationbased appraisal of team performance in a manner specific to the team's geographic region. Ultimately, this analysis will inform cleft teams on how to better serve their regions by allocating resources to high-risk areas so that deficiencies in care provision may be rectified.
METHODS

Study Population
This study was approved by the institutional review board at Duke University. Cleft patients diagnosed and treated at Duke University Hospital between 1998 and 2013 were eligible for inclusion. Exclusionary criteria were Robin sequence, craniofacial syndromes, and other major comorbidities or congenital abnormalities (ie, cardiac, urogenital, etc.) that required operative care beyond standard cleft care. 7 As this study focused on cleft-care provision within our home state, patients living outside of North Carolina were excluded from analysis. There were no exclusionary criteria based on age, race, phenotype, or SES.
Primary Outcome: LTFU
The primary outcome of interest was LTFU. This was defined using the definition provided by the International Consortium for Health Outcomes Measurement Standard Set of Outcome Measures for Cleft Lip/Palate: either as 3 consecutively missed ("no-show") appointments (despite documented attempts at reestablishing follow-up via telephone call or letter) and/or greater than 2.5 years without returning to see the team. This definition was compatible with the practice of our team as we see all active patients at 6-month, 12-month, 18-month, or 24-month frequencies, depending on clinical context. This plan is clearly documented in the chart by the team coordinator, as are cancelled/rescheduled and missed/"no-show" appointments. Patients were not considered LTFU if they cancelled and rescheduled an appointment within the next 6 months of an intended encounter, if they were officially discharged from team care, or if they transferred care to other cleft teams.
Independent Variables (Predictors)
The electronic health record for each subject was retrospectively reviewed by 2 independent clinical reviewers and abstracted for clinical, demographic, and geographic variables (Table 1) .
Clinical phenotype was designated using 4 categories: cleft lip only (CL); cleft palate only (CP); cleft lip and alveolus (CLA); and cleft lip, alveolus, and palate (CLAP). 8, 9 Age at first and last clinical encounter with the cleft team was calculated from administrative data and represented in years.
The following geographic variables were collected: patient residential street address, city, state, primary postal code, and county. The latitude and longitude of an address were determined using the World Geodetic System 84 DA-TUM. Rural versus urban designation was determined at the census-block level based on U.S. Census classification and coded as a binary variable. 10 Distance from the Duke cleft team was measured as Euclidean distance in kilometers.
SES index was a representative assignment based upon the patient's address and the Agency for Healthcare Research and Quality algorithm. 11 This index is a weighted aggregate of metrics describing the region surrounding the subject's home address: percentage of households containing 1 or more person per room; median value of owner-occupied homes; percentage of 
Statistical Analyses
Continuous variables were summarized with means and SDs. Categorical variables were reported using frequency counts and percentages. Patient characteristics and demographics were compared using the Mann-Whitney U test (continuous variables) and the Fisher exact test (categorical variables).
First, traditional statistical modeling was performed, initially ignoring spatial dependency. Using multivariate logistic regression, the probability of LTFU was modeled as a function of the independent variables (eg, clinical, demographic, and geographical characteristics; Table 2 ). The CL phenotype served as the reference group in the multivariate logistic regression analyses. This was chosen because the CL phenotype requires the least follow-up, with most patients being formally discharged from team care approximately 3 years after cleft repair.
Next, empirical variograms were used to evaluate the spatial dependency of both the primary outcome (LTFU) and the explanatory or independent variables (ie, age, sex, race/ethnicity, cleft phenotype, SES, and rural/urban designation; Fig. 1 ).
Following evaluation of spatial dependency, a generalized linear geostatistical model (GLGM) was fit to the data to account for the spatial dependency among the observations through the inclusion of spatial covariate effects and an exponential correlation structure. A Bayesian approach was used to estimate the model parameters and to perform the subsequent statistical inference. The binary response variable was LTFU, and the predictors were the same as in Table 2 . (SDC1) (See table, Supplemental Digital Content 1 which describes the Generalized Linear Geostatistical Model. http://links.lww.com/PRSGO/A902).
Predicted probability maps of LTFU occurrence were produced based on the observed data considering SES index, age at last encounter, and cleft phenotype.
Predictions were obtained at a regular grid across North Carolina using the mean of the posterior distribution. To visualize the obtained predictions, a smooth surface was fit using a bivariate interpolation method. 12, [13] [14] [15] [16] All statistical analyses were conducted using R statistical software (R Core Team, 2016). 17 Significance was assessed at level α = 0.05.
RESULTS
Five hundred and two patients seen by the Duke cleft team between 1998 and 2013 were eligible for inclusion. Of these, 164 (32.7%) were classified as LTFU, whereas 338 (67.3%) were not LTFU. Patient clinical, demographic, and geographical characteristics were reported by LTFU status (Table 1 ). There was a significant difference in phenotypic distribution between the LTFU and non-LTFU groups. Otherwise, patients in the 2 groups did not differ by sex, race, age at first encounter, distance to Duke Hospital, or rural/urban designation.
LTFU Was Spatially Dependent within a Radius of 2 km
The geographic pairwise distance differences between observations suggested that the majority of neighbors were located within a radius of about 100 km from each other. The shape of the empirical variograms of LTFU status as a function of spatial lag indicated the existence of spatial dependency in the observations. The posterior mean of parameter range [φ = 2.01; 95% CI = (0.08-7.52)] is expressed in kilometers and indicates that correlation between observations considerably decreases after approximately 2 km (Fig. 1) . The spatial variance [σ = 0.61; 95% CI = (0.26-1.41)] is associated with the spatial uncertainty around the observations.
LTFU Was Strongly Associated with Younger Age at Last Cleft Team Encounter
The average age at last cleft team encounter for patients in the non-LTFU group was 5.8 ± 3.8 years compared with 3.4 ± 2.9 years in the LTFU group. When ignoring spatial dependency, older age at last encounter was found to be significantly protective against LTFU [OR = 0.814; 95% CI = (0.75-0.88); P < 0.0001]. For the geostatistical analysis, posterior mean, SD, odds ratio, and 95% odds ratio credible set for the regression coefficients of the GLGM are shown in Table 3 . The spatial model indicates that older age at last encounter remained a highly significant protective factor against LTFU [OR = 0.81; 95% CI = (0.77-0.84)]. In contrast, older age at first encounter was not associated with LTFU at 5% significance level [OR = 1.07; 95% CI = (1.01-1.15)]. Older age at last cleft team encounter was reflective of both later phases of treatment and a better track record of prior successful follow-up with the team (ie, pattern of successful annual visits in previous years).
LTFU Was Strongly Associated with Lower SES Index
Univariate analysis indicates that LTFU patients had lower SES index (51.0 ± 10.7 versus 52.8 ± 8.4; P = 0.059).
Multivariate logistic regression while ignoring spatial dependency showed an insignificant association between SES and LTFU [OR = 0.98; 95% CI = (0.96-1.01); P = 0.15]. However, when incorporating geospatial dependency in the model, SES index was noted to be significantly associated with LTFU [OR = 0.98; 95% CI = (0.97-0.99)]. This is in marked contrast with the weak association noted without consideration of spatial dependency.
LTFU Was Weakly Associated with Phenotype
Phenotypic distribution for patients in the non-LTFU group was as follows: 37 (10.9%) CL, 23 (6.8%) CLA, 172 (50.9%) CLAP, and 106 (31.4%) CP. In comparison, the LTFU group had the following phenotypic distribution: 27 (16.5%) CL, 14 (8.5%) CLA, 49 (29.9%) CLAP, and 74 (45.1%) CP. First, we performed an exploratory analysis Fig. 1 . empirical variograms of ltFU as a function of spatial lag. the semivariance (vertical-axis) is a measure of spatial dissimilarity between all pairs of values. it may be understood as opposite to correlation, which measures the degree of similarity between observations. as the correlation between observed values decreases, the semivariance increases with increasing separation distance. the shape indicates the existence of a 2-km spatial lag in the observations. in other words, observations that are spatially closer within a range of 2 km are more similar than observations that are farther apart (> 2 km). 
Table 3. Results of a GLGM for LTFU as a Function of Selected Predictors
Distance to the Hospital and Urban/Rural Environment Were Not Significant Predictors of LTFU
Interestingly, and contrary to expectations, patients living far from Duke did not have an elevated risk of LTFU compared with those living close to the hospital [OR = 1.00; 95% CI = (1.00-1.00)]. Urban designation exhibited slightly lower risk of LTFU, but the evidence was not statistically significant [OR = 0.91; 95% CI = (0.69-1.19)]. Geographic risk maps were created using the GLGM geostatistical model with 3 predictors (phenotype, age at last encounter, and SES index; Fig. 2 ). The maps reveal spatial clustering of LTFU in "pockets" (communities) of high and low risk. These communities existed both far from and close to Duke, emphasizing that while the outcome is geospatially dependent, it is driven by community-based factors and not by distance to the hospital.
DISCUSSION
Cleft lip and/or palate requires long-term, multidisciplinary care delivered by specialized cleft teams. In this study, we chose to focus on LTFU as a marker of the success of a cleft team's ability to provide important services to patients in its catchment area. The purpose of this study was to identify characteristics that predispose patients to a higher risk of LTFU, with the hope that this may lead to strategies for improving care to vulnerable populations.
Significance of Spatial Dependency
As depicted by the variograms in Figure 1 , there was strong spatial dependency in our primary outcome, LTFU. The results of the standard multivariate regression were first presented to highlight that, when applying the more appropriate geostatistical approach, there are new findings that were not drawn out from standard statistical methods. This proved that standard multivariate logistic regression methods were insufficient (Table 2) , and a geostatistical model was required (Table 3) .
Previous epidemiological work has applied censustract-level and postal codes to create neighborhood level representations of health outcomes. [18] [19] [20] These methods, however, presume that spatial units are statistically independent of one another, and are therefore considered unrealistic. 21 Modeling spatial dependency, on the other hand, examines both correlation between patients in a spatial unit and correlation between spatial units themselves in a region of interest. Positive spatial dependency indicates that health outcomes are more similar to each other in spatial units that are closer together, and less similar in spatial units that are farther apart. 22 Intuitively, this makes sense as the spatial dependency of health outcomes, such as LTFU, in nearby spatial units can be attributed to homogeneity in factors such as SES among neighbors. 6 Additionally, spatial analysis lends itself to practical application; the results directly inform researchers about geographic regions that are at high-risk for LTFU, allowing for community engagement and targeted interventions. Fig. 2 . Predicted probability map of ltFU occurrence across north Carolina (with detail around Duke Hospital) using a glgM. Only 3 predictors were considered: SeS index, age at last encounter, and phenotype. Patients across north Carolina appear to spatially cluster based on ltFU status. Detail: in the immediate vicinity of the Duke Hospital cleft team, there are clusters of both high risk of ltFU and low risk of ltFU patients. this suggests that proximity to Duke Hospital is not predictive of risk of ltFU. Dot, ltFU observation; Cross, no ltFU observation; red, high risk of ltFU; Blue, low risk of ltFU.
"Spatial Dependency" Was Mostly Defined by Community Factors, Not by Distance
We discovered that areas at highest risk for LTFU existed throughout North Carolina and were even in the immediate vicinity of our cleft team. This was a surprising finding that refuted our hypothesis that risk for LTFU would increase as distance from our hospital increased. Prior studies report that distance to location of care is positively correlated with incidence of LTFU-a phenomenon known as distance decay. A systematic review reported that, of 108 studies, 77% identified evidence of distance decay. 3 It is unclear why our data lack an appreciable distance decay, but it may be explained in part by our proximity to other cleft teams. Though we did not designate patients as LTFU if it was known that they were transferring care, not all patients may have disclosed this information. Another explanation may be that, after a certain distance, any additional distance traveled for follow-up care is inconsequential and likely does not affect a patient's decision to make the trip. It has been shown that in sparsely populated communities, patients are more willing to travel longer distances to appointments, 23 a phenomenon that could apply to cleft care in North Carolina. Finally, it may be that distance is not as strong a determinant of LTFU as means of transportation to the hospital (eg, driving, public transport).
Significance of Socioeconomic Index
The finding that lower SES index was associated with higher risk of LTFU is consistent with existing literature. 24 The burdens associated with low SES can affect a patient's decision to pursue follow-up care in various ways. Office visits can pose a considerable financial burden both directly, due to the cost of travel to the cleft center, and indirectly, due to salary lost from time off work and the cost of child care for siblings. 25, 26 Lower education, a component of the SES index, has also been shown to adversely affect compliance with care recommendations. [27] [28] [29] [30] Parents with less education may have more difficulty understanding the complexities of their child's condition or need for strategic, long-term follow-up. This finding highlights both the need for more accessible educational materials and the importance of patient education during initial cleft team visits.
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Significance of Age
The finding that risk of LTFU is greatest earlier in the timeline of cleft care (eg, younger age at last encounter) was initially counterintuitive, as we originally expected to find LTFU to occur later in the course of care. However, it appears that families at risk for LTFU "declare themselves" quite early in the timeline of care. Another way of viewing this is that families who have followed up for years are more likely to continue doing so, and thus older children have a lower risk of LTFU. A similar phenomenon has been observed in HIV care programs. 32 In this sense, older age at the last visit reviewed in this study is reflective of 2 things: (1) later phase of treatment; and (2) a longer track record of successful prior follow-up with the team. Thus, our observation that older age is "protective" against LTFU may be explained by the impact of time on the patientclinician relationship: Families that successfully attend the initial clinic visits may have built a robust relationship with the team, witnessed the benefits of longitudinal care, and integrated these visits in their routine. This suggests that the initial cleft team visits are most impactful, and that clinicians should stress the importance of follow-up during these early visits.
Significance of Phenotype
Although some intended differences in team protocols do exist based on phenotype (eg, earlier planned discharges for CL and CP, and longer follow-up for CLA and CLAP), as demonstrated by the all-cause attrition depicted by the Kaplan-Meier curves in Supplemental Digital Content 2, this study was able to clearly demonstrate how phenotype also affects unplanned LTFU. Specifically, CLAP phenotype exhibited the lowest risk of LTFU, which may be explained by the fact that it is the most severe presentation, both visually and in terms of functional impairment, http://links.lww.com/PRSGO/A836. Parents may witness higher rates of difficulty feeding in infancy, nasal regurgitation, speech impairment, otologic complications, dental malocclusion, and nasolabial aesthetic concerns. 33 As such, patients with CLAP may be more motivated to seek follow-up to address these concerns.
Limitations
The main limitation in this study is that we included data from patients seen only by 1 cleft team (Duke University Hospital) and not surrounding cleft centers in North Carolina. During the study period, there were 2 other cleft centers approved by the American Cleft Palate-Craniofacial Association, the University of North Carolina-Chapel Hill and Wake Forest hospitals. The exclusion of neighboring institutions makes it impossible to assess whether patients who were considered LTFU at Duke instead established care elsewhere, unbeknownst to our team. This is a topic of future collaborative investigation.
Another limitation is the use of Euclidean distance, rather than travel time, which may have been a more accurate indicator of the effect of distance on LTFU. Euclidian distance was used because it represents the most simple and intuitive approach. Additionally, the use of time traveled in spatial models is constrained by the effect of local features on its calculation. 34 
CONCLUSIONS
In this exploratory study, LTFU for patients with cleft lip/palate was found to be associated with SES, duration of team contact, and phenotype. Geostatistical methods confirmed the presence of spatial dependency for this outcome and identified specific communities that were at greater risk for LTFU. Geospatial analysis is important to perform when studying provision and utilization of care at the population level. 
